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1. INTRODUCTORY SUMMARY

This report analyzes the effects of non-ideal filter transmission character-
istics upon the measurement, correction, or extrapolation of aircraft noise data.
The report is based primarily upon, and represents an abbreviated summary of, two
previously published, more detailed reports on this topic. 1,2

Current engineering practice for evaluation of the spectral content of
aircraft noise is well defined in FAR Part 36,3 and in a number of related standards
and documents covering the details of aircraft noise measurement and spectrum

analysis.4- According to the procedures cited in these references, corrections for
filter sideband or spectrum slope effects are omitted when analyzing aircraft noise
spectra. The basic objective of this summary is to briefly identify the potential
errors involved in this omission and then evaluate alternative methods to correct
for these errors. Emphasis is placed on the latter in this summary report. The
reader is referred to the parent document"12 far a more thorough presentation of
the magnitude of filter effects errors for a wide variety of cases - a level of detail
that was not appropriate for this summary report.

The basic approach used to correct aircraft spectra for analysis errors due to
finite filter sidebands and signal spectrum slopes involves defining some type of
approximation to the true spectrum shape of the signal at all frequencies. The
closer this approximation is to the true spectrum slope, the more accurate the
correction for filter effects. This report addresses several such "filter effect"
correction methods of varying degrees of accuracy. These methods are all
applicable to specifying attenuation of a band of noise due to atmospheric
absorption, given a definition of this attenuation at single frequencies. This is a
fundamental problem encountered in evaluation or correction of aircraft spectra
and has already been addressed in earlier studies.8 '12 However, some of these
earlier studies 0 -12 treated the filter associated with definition of the band levels
as ideal with zero transmission loss in its nominal pass and infinite transmission
loss outside this band. In this case, the reports accounted only for the difference
between band attenuation values computed by integration over ideal filters and
values based on attenuation at only one characteristic frequency in the band.
However, as will be shown later, when this spectrum slope error becomes
significant, the additional error attributable to ignoring the energy passed by the



filter "skirts" outside the filter pass band may be much larger. Thus, evaluation of

errors in spectrum analysis of aircraft noise due to filter effects which does not

include consideration of transmission that really occurs outside the nominal filter

pass bond can be very misleading.

Summary of Findings

The next section of this report reviews the general nature of filter effects

and shows that they are generally significant only at high frequencies and/or large

distances from oi source. Thus, static ground measurements of noise from full scale

aircraft engines at distances of the order of 100 mn or less will seldom, if ever,

require any corrections for filter effects. However, measurements on the ground

of noise from aircraft in flight can involve propagation distances of the order of

300 to 2,000 m or more. In this case, band levels at high frequencies may very well

be substantially in error unless filter effects are considered. One rule of thumb

reported in Reference I indicates that these band errors become significant (i.e.,

of the order of 0.5 dB or more) under the following conditions:

o Propagation Distance (kin) x [Frequency (kHz)]J2>6

" Propagation Distance >6 km (at any frequency in the audio range).

However, this summary of the results from References I and 2 suggests that

this criterion may be too optimistic (i.e., the constant 6 may need to be reduced).

It is also generally true that while the band levels may be subject to large errors

due to f ilter effects, errors in composite noise levels such as PNL, LA or EPNL will

usually be small - less than I dB.

The principal quantitative findings of this summary report illustrate the

application of the methods of Reference I and 2 for evaluating errors due to filter

effects in the following circumstances:

o Prediction of the excess attenuation of a band of noise due to air

absorption over a given homogeneous propagation path.

o Prediction of the change or adjustment in this attenuation if the test-

day weather conditions are different from those of a standard reference

day.

To illustrate the application of alternate methods for considering filter

effects f or these two questions, one idealized source spectrum and two repre-

sentative measured aircraft spectra were considered. The idealized source
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spectrum was chosen to approximate an upper bound for the slope of broadband
spectra measured very close to an aircraft. The aircraft spectra selected occur at
the time of maximum tone-corrected Perceived Noise Level (PNLTM) and were
chosen to represent a range of such spectra that might be encountered in noise
certification measurements conducted according to FAR Part 36. 3 The spectra
were based on actual measured data for jet aircraft 13 and were essentially free of
contamination by ambient noise at all frequencies.

For each of these spectra, four alternative methods to account for filter

effects when computing atmospheric attenuation of one-third octave bands have
been evaluated. These methods are:

Code Description

S)Single-frequency method (current practice with SAE

ARP86A.1

(D) Band Integration method with real filters using two constant

spectrum slopes to approximate the initial spectrum level in each

band (Dytec Method). 2

(WI1) Band Integration method with real filters using a continuously
varying spectrum interpolation function to approximate the initial
spectrum in each band (Wyle Method 1).I1

(W2) Band Integration - same as W I but with addition of a spectrum

iteration technique to match computed vs measured band leve!s at

a receiver (Wyle Method 2).I1

Finally, results, reported in both References I and 2, are also presented for

filter effects on EPNL values of measured aircraft noise data.

Results for Idealized Spectrum

The idealized source spectrum with an assumed spectrum slope of -9 dB/

octave for standard day conditions (i.e., 250C and 70% relative humidity) was

converted to a hypothetical spectrum that would have been measured with real
filters at a receiver distance of 600 m on a test day with a temperature of 15 Oc
anid 35% relative humidity. When the above methods were applied to reconstruct

the source spectrum for this "measured" receiver spectrum, by adding back the
band level attenuation over the 600 m propagation path, the SAE method exhibited
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the largest error at frequencies below about 5,000 Hz. The error, in this case, was

simply equal to the true initial source spectrum (with the -9 dBfoctave slope) and

the recon~structed value based on applying the computed bond level attenuation to

the "measured test day" receiver spectrum. Differences between predicted and

true source band levels were of the order of +2 dB up to this frequency for the SAE
method but decreased to less than 0.) dB for the Wyle Method 2, employing the

spectrum iteration technique. The other band integration methods (Dytec and Wyle

Method 1), which did not employ an iterative technique to improve estimates of the

measured spectrum, exhibited errors between 0 and +2 dB.

For one-third octave band frequencies above 5,000 Hz, all of the methods

exhibited rapidly increasing errors in reconstructing the original source levels that

would have been inferred by the measured receiver levels under the test day

conditions. The errors became comparable to about 50 percent of the true band
level attenuation (i.e., -80 dB) at the highest frequencies. The breakdown in

accuracy of the band attenuation prediction methods occurs when the slope of the

measured receiver spectrum exceeds the slope of the filter sidebands. A

comparable trend was found when predicting band level adjustments to correct
measured receiver levels at test day conditions to receiver levels for standard day

conditions.

Results for Aircraft Spectra

The aircraft data, initially measured under nearly standard day conditions,

were first translated to the same more severe test day weather (150C, 35%

relative humidity) employed f or the ideal spectra. Then the alternative methods

f or predicting band level attenuations or adjustments back to standard day

conditions were applied. There was one significant difference in the results of this

application to these real aircraft spectra. The methods which employed some farm

of band integration (all but the SAE method) no longer exhibited very large errors

in predicting band level attenuation or adjustment at the highest frequency. This is

attributed to the less severe shaping of these measured spectra since the true band

level attenuation reached values of only about 40 dB at the highest frequency.

The maximum errors in predicting band attenuations or band adjustments for

these limited samples of real aircraft noise data varied from about 25 dB f or the

SAE method at 10 kHz to about 2 dB or less for the other methods employing band
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integration. The highest accuracy in accounting for filter effects on these aircraft
data was consistently exhibited by the second Wyle method which employed the

' r spectrum iteration technique. With this method, the errors in predicted bond levels
were less than 0.1 dB at all frequencies in all cases except one for which the error
was 0.4 dB at 10 kHz only.

While direct comparisons between true and predicted values of overall
frequency-weighted (and time-integrated) aircraft noise levels, such as PNL,
EPIkL, or SEL were not always possible, the limited results from the two parent
studies summarized herein indicate that errors due to filter effects my be very
small, less than I dB. Maximum errors in overall aircraft noise levels, due solely to

filter effects, that were found in either of the parent studies are summarized as
f ollIows:

Maximum Error Due to Filter Effects
Noise Metric Wyle Method #2 (Ref. 1) Dytec Method (Ref. 2)

P\L 0.25 dB 0.1 dB
EP NL 0.74 dB 0. 1 dB

SEL NA 0.1 dB

As outlined later in this report, the true magnitude of filter effect errors is
believed to be more accurately represented by the Wyle method involving spectrum
iteration. Based on these results, any of the band level attenuation prediction
methods evaluated, including the currently employed SAE method, may provide a
suitable means to account for filter sideband effects when analyzing aircraft noise
in terms of such overall noise metrics if one is prepared to accept errors of the
magnitude indicated above. However, this conclusion is necessarily based on the
limited number of cases that could be evaluated in the parent studies.
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2. ANOMALIES IN SPECTRAL ANALYSIS OF AIRCRAFT NOISE DUE TO
FILTER EFFECTS

This summary report is concerned with filter effects on the evaluation of

overall aircraft noise levels as well as individual band levels. Thus, it is helpful to
start by first examining filter effects on a single band of noise before treating the

problem for a complete spectrum.

There are three possible ways to define filtered band levels of a broadband

noise. These three methods, illustrated in Figure I, are:

0 The white-noise band level, LBo, equal to the band level for a white

noise signal which has a constant spectrum level Ls(fc ) equal to that

of the true spectrum at the band geometric center frequency fc"

0 The ideal filter band level, LBl, of the true spectrum as measured

with a perfect filter over the nominal filter bandwidth fI to f 2 "

o The measured band level, LB, of the true spectrum as measured with

a real filter over the significant power transmission bandwidth of the

filter.

"9 L* *
r2 Bo 8I LBE
i

0.

fc f f c f2 fc
Frequency (log scale)

a) White Noise Band Level b) Ideal Filter Band Level c) Measured Band Level

Figure I. Conceptual Illustration of Thre, Alternative Ways to Interpret a Band
Level Centered at Frequency f with a Spectrum Level Ls at this
Frequency (*cross-hatched area Squals indicated level).
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The white noise band level is often assumed to be the effective level when
one expresses the change in level of a band of noise due to attenuation processes
which vary with frequency. This assumption implies that the attenuation for the
entire band con be accurately defined at a single frequency, such as at the bond
center frequency, or at the band edge frequency. This is, effectively, the
procedure employed in SAE ARP 866A. 15

The ideal band level, L BI, would be the desired form for universal
application. It is, in fact, closely approximated in the analysis of aircraft noise
when the spectrum slope is not large and standard spectrum analysis filters 5 , 6 are
employed.

The measured band level, L BI represents, of course, the band level that is
measured with real filters.

For simplicity, the following general equation can be used to express each
of these forms of band levels. This general form can be expressed as:

Band Level = 10 log, 0 oO f ,b1 LS()- ~)/0d dB (1)

where

L5(f) spectrum level at any frequency f between f a and f *For the
"white-noise" band level, this is the constant value which can be

taken outside the integral, and is equal to the true spectrum
level at the band center frequency fc

fand f b the lower and upper limits of integration equal to the lower

band edge, (f ) and upper band edge frequency (f 2) for an ideal
filter or the lower and upper frequency limits of effective
transmission range of a real filter. This effective range
extends f rom f 5to 5 f 2 in Ref. I and from f c/10 to 10 f c in
Reference 2.

A (f) = A general attenuation function which can vary with frequency

but which is 0 for the first two forms of band level and is equal
to the transmission loss, in decibels, of the real filter for a
measured bond level.

2-2
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The analytical procedures used in References I and 2 to carry out the

integration involved in Eq.(l) are described in detail in these references and are

only surmcrized here. While similar in concept, they differ in important detail as

discussed later in Section 3.

Consider, now, the general illustrative model shown in Figure 2 for the

processes involved in spectrum analysis of aircraft noise. This diagram identifies

two kinds of "filter effects" correction factors.

" Error terms ( A or A F associated with analysis of on indivickial band

of noise at a source or receiver.

o Band attenuation factors (A LB13 or A LB) associated with the dif-

ference in band levels between a source and receiver.

The simple mathematical operations involved in applying these two ty-pes

of correction factors are portrayed diagrammatically in Figure 2 by the arrows

connecting the boxes.

For now, the compounding effects or errors in spectrum analysis due to

background noise are ignored.

2.1 Errors in Band Levels at a Source or a Receiver

The filter effect error terms A s or A F invoived in receiver or source band

levels aire identified here to aid in understanding the rest of this summary report.

The final results will be expressed more directly in terms of the band attenuation

factors A L B or A LB which do not require keeping track of these "error terms" for

individuial band levels explicitly. However, as will be shown later, these errors in

individual band levels provide a useful basis for understanding and analyzing errors,

due to filter effects, in band attenuation values between a source and a receiver.

In fact, these slope and f ilter error terms provide a more discriminant way of

examining the true significance of filter effects in band attenuation values since

I~ S n F do not contain the single frequency absorption loss term - (X(f) x
Distance - the dominate term in any band attenuation value.

2.1.1 Spectrum Slope Error Due to Finite Filter Bandwidth

This is simply equal to the difference A S between the ideal ond white noise

band level of a given spectrum, or:
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L BI -LBo (2

From one viewpoint, this quantity, A S, may not be considered an error in

spectrum analysis but is so designated here since it does correspond to the error

associated with the use of any' single frequency for describing band attenuation as

opposed to some form of integration over the ideal filter bandwidth.

Based on this definition, one can derive a closed form expression for A S
for the case of an input signal with a constant band level slope applied to an ideal
filter. The derivation is developed in detail in both References I and 2 and is

summarized in Appendix A. The resulting expression is based on applying Eq.( )

twice - once f or the band level wi th an ideal f ilIter, and once f or the whi te noise

band level case. The difference in the resulting band levels is equal to A S.
2.1.2 Filter Error Due to Finite Filter Skirts

This real error in filtered band levels is defined ais the difference between

band levels measured with a real (L B) and an i deal (LBI1) f ilIter, or:

A F=L B L BI ,dB(3

Thus, A F is the difference between the band level measured with spectrum

analyzers which have finite slopes for their filter skirts, and the ideal band level

that would be measured with a perfect filter with zero transmission outside of its

nominal passband. (This error is called the "bandwidth error" in Reference 6.) The

filter error, 6 F' is well known and is inherent in the fundamental process of signal

spectrum analysis and has been evaluated extensively by others. 16 18 A detailed

mathematical derivation of this error in filter band levels is presented in

Appendix B of Reference 1. Again, the approach is based on the use of Eq.( I) for

L., and LB. For the "measured" band level, L B, the general attenuation function

AMf in Eq.(l) is the transmission lass for the real filter. As discussed in bath

References I and 2, this filter transmission loss is simulated by a suitable

mathematical expression for the filter response which closely approximates the

response of real filters designed to conform to industry standards.5 ',6

Examples of the spectrum slope and filter errors, inherent in spectral

analysis, will be illustrated later with actual aircraft spectra to show that they can

produce substantial errors in specific one-third octave band levels when the

spectrum is rolling off rapidly at high frequencies. Any data evaluation procedure

which makes it possible to account for errors directly could be very useful. Such

procedures ore addressed in Section 3.
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2.1.3 Filter and Slope Errors for Constant Slope Source Spectra

Utilizing the concepts just defined, these two spectrum analysis error
terms are examined for the case of a source signal with a known constant band
level slope, before spectrum shaping by atmospheric attenuation has occurred.

The results are shown in Figure 3. Part (a) shows the slope error A Sf or
full, one-third and 1/18th octave band filters. The latter represents the effective
bandwidth of the mathematical filter elements employed in the Wyle method for
carrying out the numerical integration required by Eq.(l). (Note the scale change
for this case.)

Part (b) shows the filter error, A F for full and one-third octave band
filters. Note that this error is of the order of 1/2 of the spectrum slope error A
for the range of slopes considered. The small negative values of & F for band level
slopes near zero reflects the transmission loss at the edges of the nominal pass
bands of the real filters. This is normally eliminated by proper calibration of the
f ilter. 16-18

For most aircraft noise signals measured close to a source within, say,
75 m 04' 250 ft), the band level slope is usually less than 9 dB/octave unless pure
tone components are present. In this case it is clear, from Figure 3, that both A F
and A S would be very small for one-third octave band spectral analysis of aircraft
noise close to a source. Under such conditions, the actual "as measured" band
levels at a source can normally be considered free of filter effect errors due to the
spectrum slope and the finite filter skirts so that the band levels can be closely
approximated by the "white noise band level" approximation L Ba cited earlier.
Thus, as indicated in Figure 2, the spectrum slope error N' s and filter errors A F
can be assumed to be zero at a source (i.e., at positions close to an aircraft). This
assumption may not be valid when significant tones are added to the broadband
signal. However, possible solutions to this problem are addressed later.

2.2 Filter and Slo2e Errors at a Distant Receiver.

Consider, now, the change in A F and As at a receiver due to spectral
shaping by atmospheric absorption. Several constant slope source spectra have
been selected for this evaluation. These idealized source spectra are illustrated in
Figure 4. The curves show source spectra with band level slopes from +3 dB/octave
to -36 dB/octave - a range sufficient to cover normal source spectra. One special
case has also been included representing the presence of a 10 dB tone superimposed
at 3,150 Hz on an otherwise smooth spectrum sloping off at -9 dB/octave.

2-6L
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Figure 3. Slope and Filter Error for Constant Slope Signals
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Figure 4. Idealized Source Spectra with Various Bond Level Slopes, Including One with
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It was assumed that the source spectra were defined exactly (i.e.,

measured with an ideal very narrowband filter) so that the initial spectral content

ait the signal could be determined exactly. Then, by propagating these known

spectra over a distance of 600 m, through known atmospheric absorption losses, one

can redefine a new attenuated spectra at a receiver and then apply the band

integration concept described at the beginning of this section to define either ideal

or real filter band levels. Thus, it was possible to compute the filter error 6 F at
the receiver. Similarly, the received spectrum level can be defined exactly so the

slope error AS, at the receiver, can also be computed. In both cases, these new

values are computed, as outlined before, with use of Eq.(l).

A portion of the results of these computations, shown more fully in

Reference I, are illustrated in Figure 5. Figure 5a) shows only A F as a function of

frequency for the source spectra of Figure 4 and f or a standard weather conditionJ

of 250C and 70% relative humidity. For this condition, atmospheric absorption

losses are close to a minimum within the FAR Part 36 test window. 5' 16

The general trend in A F, shown in Figure 5a), can be explained by three

interacting influences.

0 A Fincreases at all frequencies, uniformly, as the source spectrum

slope decreases (i.e., becomes more negative), -as expected from
Figure 3.

0 A& F increases at high frequencies due to the further increase in signal

slope due to atmospheric absorption over the fixed 600 m propagation

distance.

0 A F is modified, in a complex way, for any bands close to or including

a band with a strong tone component.

The variation in the total filter and slope error at a receiver, A S + LF, has

been evaluated in Figure 5b), using four of the source spectra (+3 dB, -9 dB with

tone, -18 dB, and -36 dB/octave), and a weather condition of IS0C and 35%

relative humidity. This condition corresponds to near maximum absorption loss at

high frequencies within the weather window allowable for FAR Part 36. 3 Again,

the some general pattern that occurred in Figure So) is evident. These error terms

are not shown in Figure 5 beyond an upper bound of 6 dB intentionally. When they

reach such a manitude, the total signal attenuation due to atmospheric absorption

is very high normally resulting in a received signal near or below practical limits of

measurement in the presence of normal background noise.2
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One point should be clear by now - the f il ter error A F and the slope error

A Sbehave in a complex manner with the measured signal spectrum character-

istics. This complexity is well-recognized, of course, and is one reason why almost

no attempt is made to account f or these error terms when analyzing aircraft noise

data. One exception is the simple procedure inherent in the aviation industry

standard (SAE ARP 866A) for predicting air absorption 15which calls for using the
lower band edge frequency for evaluating all absorption losses for one-third octave

frequency bands equal to or greater than 5000 Hz. This procedure is equivalent to

trying to recognize the inherent slope error ASterm and compute atmospheric

absorption losses at a frequency below the band center which should be more
"representative" of changes in the band energy. In general this empirical procedure

should be in the right direction to aid in minimizing filter effects errors when

analyzing aircraft noise spectra. However, a more general approach to the

problems of accounting for filter band and signal slope errors seems desirable.

Such alternate approaches are reviewed in Section 3.

2.3 Relationship Between Spectrum Slope and Filter Errors and Band
Attenuation Values

Before proceeding, however, consider just how the proceeding relates to

the second category of filter effects mentioned earlier - those associated with

band attenuation alues. As illustrated earlier in Figure 2, we are primarily

concerned in this repurt with:

o The prediction of how a band level at one point, identified in Figure 2

under the "source" column, changes as the sound propagates to

another point - the receiver.

0 The adjustment of band levels measured at a receiver under one

condition of weather (and propagation path length) to another condi-

tion with different weather (and path length). In this case, the

calculation of band levels starts at the "receiver," works backward to

the presumed source for atmospheric attenuation under test condi-

tions, and then back to the receiver for attenuation under reference

weather conditions.

To define these quantities, the following terminology is employed through-

out the remainder of this report for clarity and, to the extent possible, for

consistency with existing usage 14and with usage in the key reference

documents." 12
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A LB The true* excess attenuation in a band level of a noise due to air

absorption, If the filter band is ideal, an additional subscript I is

added (i.e., A L BI).

AA B The true* adjustment in a band level due to the difference between

test-day and reference day values of A L. Real filters will normally

be assumed; however, one variation of this quantity will be identified.
A A BRI will signify the value of the band level adjustment if one

wished to define a reference band level that would have been

measured on a standard day with an ideal filter free Of any filter

error when the test-day band level was actually measured with a real

f ilter.

To identify the various prediction methods to approximate the terms

identified above, the code letter(s) associated with each prediction method

identified in Section I is added as an argument to the terms. For example:

A L BI(D) is the band level attenuation (A L B) for ideal filters (added

subscript 1) according to the Dytec method (added argument code letter D)
in Reference 2.

Now then, just how do the slope and filter errors A s and A F relate to
these parameters. By examination of the data analysis processes illustrated earlier

in Figure 2, one can recognize the following simple relationships.

o For ideal filters, the band attenuation A L BI and the slope error $
are related simply by

A L BI , 00c ) . D -A S, dB (4)

where it is assumed, as indicated earlier, that the slope error at the

source is negligible. Thus, by subtracting the slope error A
evaluated at the receiver from the single frequency attenuation

.O~ D) over the propagation path, one obtains the band
attenuation A LB as measured at the source and receiver with ideal

The word "true" implies no simplifying assumptions in its evaluation and represents
a value as accurate ais can be defined with precision numerical integration

procedures.
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filters. Thus, as suggested earlier, the slope error A clearly defines

the actual filter effect for an ideal filter with respect to the

attenuation at the band center frequency. When the former is small

enough, the latter can be used to define the band attenuation.

o For real filters, the band attenuation A LB and the sum of the slope

and filter errors (AS + A F) are related by

ALB - (cx(fc ) . D) (AS + A F), dB (5)

again assuming , F at the source is negligible. Thus (A F + A at

the receiver, is the difference between the total attenuation

oc(f). D at the band center frequency fc and the actual bandc
attenuation A LBI measured with real filters at the source and

receiver.

With such simple relationships between the band attenuation parameters

and the slope and filter error terms, A F + AS' it should be possible to apply the

latter as correction factors to the readily available tables (or computational

algorithms) of the single frequency absorption loss (df) . D to define band attenu-

ation values. Indeed one such technique, employing graphical procedures, is

outlined in Reference 8 (contained in Appendix B of Reference I and Reference 9).

To apply such on approach, it is obviously necessary to know the source spectrum

slope as well as the additional slope change in the received levels introduced by

atmospheric attenuation since both of these influence values of A F and/or A S at

the receiver, as was indicated in Figure 5.

However, it does not appear to be very practical to use this approach for

predicting values of slope or filter errors (A s or A F) when processing aircraft

data. Even allowing for relatively low spectral slopes close to a source (e.g., slopes

of the order of -3 to -9 dB/octave are typical for broadband jet source noise

spectra), one must allow for the change in this slope due to the spectrum shaping

characteristics of absorption losses over long distances. This effect is illustrated

in Figure 6 for a standard day and for 150, 35% relative humidity by the effective

spectral slope, in dB/octave, as a function of frequency and distance that is

introduced by air absorption losses alone. The slopes correspond to the spectrum

level slopes at a receiver for a white noise source. Note that at high frequencies

and large distances, the "spectrum slope" attributable to air absorption reaches
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values of as low as -100 to -400 dB/octave. Clearly, this additional change in

spectral slope will dominate the true shape of high frequency portions of aircraft

signatures measured at large distances. Furthermore, it would be awkward to have

to first define this spectrum slope influence for any given propagation distance and

weather condition before determining the appropriate values of the correction

factors A S or 6 F and, from these, define effective band attenuations from an

attenuation value defined at only one characteristic frequency in each band.

Thus, as addressed in the next section, practical methods to account for

filter effects include the slope and filter error terms implicitly. Thus, it will

normully be easier to define the band loss ALB for real filters directly instead of

subtracting the slope and filter error factors from the single frequency loss as

indicated by Eq.(5).
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3. CORRECTION METHODS FOR FILTER EFFECTS

Four basic methods are reviewed for correcting aircraft spectral data for
filter effects. The methods are based on the general analytical procedures
presented in References I and 2. These methods, identified below, are briefly

summarized in the following paragraphs:

Code Description of Method

(S) Single-frequency method (current practice with SAE 866A).

(D) Band Integration method using two constant spectrum slopes to

approximate the spectrum level in each band (Dytec Method). 2

(WI1) Band Integration method using a continuously varying spectrum

interpolation function to approximate the spectrum in each band

(Wyle Method ().

(W2) Band Integration - same as WI but with addition of a spectrum

iteration technique to match computed vs measured band levels at

a receiver (Wyle M0ethod 2).I

The methods will be evaluated in Section 4 in terms of their application to

two primary situations.

3.1 Single Frequency Method (SAE)

This method, as currently employed in SAE'ARP 866A, 15 ignores any filter

effects for all frequency bands below 5,000 HZ and defines band level attenuation

(and corresponding band level adjustment) values in terms of the single frequency

atmospheric attenuation (ocdf c) .Distance) at the geometric center frequency of
the bands.

For the 5,000, 6,300, 8,000 and 10,000 Hz bands, an effort is mode to

account, approximately, for filter effects in a very simple way by computing the
attenuation for these bands, again at only one frequency, but now at the nominal

lower band edge frequency of the filter, i.e., at 4,500 Hz (for the 5,000 Hz band),
5,600 Hz (faor the 6,300 Hz: band), 7, 100 Hz (f or the 8,000 Hz band) and 9,000 Hz

(far the 10,000 Hz band). 15

The method is equivalent to assuming that slope and filter errors (A and

A F) are negligible below 5,000 Hz and are roughly approximated by shifting the
computational frequency to the lower band edge at band center frequencies equal
to and higher than 5,000 Hz.
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The principal advantage of this method is that band level attenuation and
adjustment values are independent of the input spectrum shape. Thus, this method

for evaluating atmospheric attenuation of band levels is readily adaptable to
automatic data processing routines.

One disadvantage of the method, beyond its limited ability to properly
account for filter effects, is its tendency to produce unrealistic tone corrections in
EP"I_ values of aircraft noise due to the discontinuity between the 4,000 and
5,000 Hz band from the change in the frequency (band center to band edge) used

Jor computations. For this reason, the FAA now allows the deletion of tone
corrections that can be shown to result solely from the discontinuity in the SAE

method.

3.2 Band Integration with Two-Slope Approximation to Spectrum (Dytec)

This method, as outlined in detail in Reference 2, employs two linear slope
approximations to the spectrum level in each bond, as shown in Figure 7.

Bond 8(.I)
orinf

Spectrum L L (fi+1)
Leveld
dB

_J L (f )
I I I

fi- I fa fi+1 (Log Scale)

Figure 7. Illustration of Two-Slope Approximation to Spectrum Levels for ith
Band as Employed in Dytec Method

As illustrated, two constant-slope lines define the spectrum level over the
nominal bandwidth of the ith band. One line extends from the center of the next
lower (i-I) band and the other line extends from the ith band center to the center
of the next higher (i+l) band.

In reality, then, there is only one constant slope line per band plus one
more half line at each end of the full spectrum. Employing techniques similar to
those outlined in more detail in Appendix A for the Wyle method, it can be shown
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that the spectrum level slope constant (ai) for the upper half of the ith bond (and

the lower half of the i+l bond) is simply equal to the difference di in the spectrum

levels at the center of the ith (Ls(fi)) and i+ I (Ls(fi+1)) band. It is further assumed,

for a first approximation, that the spectrum slope and filter errors described in

Section 2 are negligible so that the bond levels are treated as equivalent to the so-

called "white noise" bond levels defined earlier. Thus, the spectrum level at the

center of the i th band, with a bandwidth Af, is defined by:

Ls(f i) = LB(i) - 10 log Af = LBi - 10 log [fi (constant)] (6)

Over the upper half of each bond and the lower half of the next higher

bond, the spectrum level L s(f) is then assumed to be given by the following

expression where the spectrum level varies linearly (with log frequency) with a

constant slope a.:

a.
Ls(f) = Ls(f i) + 10 log (f/fi) , dB (7)

It can be shown that for one-third octave bands, where 10 log (f i+l/fi 1, this

slope constant ai is simply equal to the difference di in spectrum levels between

the i+ I and ith band. But with Eq.(6), one can also show that

ai = di =[Ls(fi+ 1) - Ls(fi)] = [LB(i+1) - LB(i)] - I , dB (8)

Since the band level slope S in dB/(one-third octave band) is equal to this

difference in band levels, then

S =[LB(i+1) - LB(i)]= (a i + I) , dB/one-third octave band

For the Dytec method, the spectrum slope over the lower half of the

lowest (=) band is assumed to be the some as over the upper half. Similarly, the

spectrum slope over the upper half of the last (i=N) band is assumed to be the same

as for the lower half of this band.

Utilizing this "two-slope" model for estimating spectrum levels at all

frequencies, the spectrum is now integrated over the nominal bandwidth of the

assumed ideal filter. The integration routine employed in the computer program

defined in Reference 2 (and listed in Volume It of the latter) is a standard IBM

Scientific Subroutine which accomplishes the continuous integration called for by

Eq.(l) with a standard numerical integration procedure utilizing Simpson's rule and

Newton's 3/8 rule.2
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To carry out this numerical integration, each filter bandwidth is divided up

into n constant bandwidth segments where n increases by 2 f or each band from a
value of 10 for the 1,000 Hz band to 30 for the 10,000 Hz band. In the latter case,
each constant bandwidth integration segment is equivalent to approximately a
1/90th octave interval.

For the case of a known source spectrum, with spectrum slopes which can
be closely approximated by constant slope linear segments between bands, the
resulting integration is quite precise. If this close approximation to the source

spectrum is now translated to a receiver, the receiver band levels and correspond-
ing band level attenuation can also be accurately computed by integration over
each of the many (10 to 30) segments within each band. Either ideal or real filters
can be assumed.

This same two-slope method can also be applied, but with less accuracy, to
approximate the measured spectrum at a receiver. The receiver spectrum levels
L (f) are again estimated within each band with the use of the two-slope model and
Eqs.(6) through (8). These receiver spectrum levels are assumed, in the Dytec
method, to have been measured with an ideal filter. They are corrected back to a
source for test day absorption, recorrected back to the receiver for standard day
conditions, and the integration process repeated to predict a receiver band level
that would have been measured on a standard day.

Thus, unlike like the SAE method, the two-slope approximation method
involves computing atmospheric attenuation at each integration segment within
each band, but starting with the two-slope interpolation approximation of the
initial (source or receiver) spectrum levels. This is the approximate procedure
which is identified ais the Dytec method in the next section. Clearly, when applied

to prediction of attenuation from a known source spectrum, the method very
accurately accounts for filter effects. A similar exact or reference method will be
used in the next section for comparison of the other approximate methods to
account for filter effects.

The principal advantages of this procedure are its relative simplicity in
terms of automated data processing and the employment of a standard computa-
tional subroutine for numerical integration.

The principal disadvantages, not necessarily restrictive, are the potential
errors inherent in the method for approximating the spectrum level at a receiver,
and the use of on ideal filter model for analysis of an unknown spectrum. Thus, the

method does not define the degree of error introduced by not accounting for energyf
outside the filter skirts when analyzing unknown spectra.
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3.3 Band Integration Method with Continuously Varying Spectrum Soe (Wyle)

This method for analyzing filter effect errors, utilized in Reference 1, was

described in Appendix B of that document. However, this description lacked some

of the more complete details of the computational procedures, such as was

provided for the Dytec method in Reference 2 (and Vol. 11 thereof). Sucn a

description is now provided far the Wyle method in abbreviated form in Appendix A

of this summary report. Thus, only a cursory description is provided at this point;

the reader is referred to Appendix A, for a more complete description and a

flowchart of the computer program.

The two versions of the Wyle method consist of:

W I Spectrum level estimation using an algorithm allowing continuous

variation with frequency in the spectrum level slope but without any

iteration to improve the estimate;

W2 The same process with the addition of an iterative routine. This

serves to further improve the estimate of a measured spectrum level

to the point where bond levels computed by integration over the full

effective transmission bandwidth of analytical models for real filters

agree with measured band levels. Apparent agreement to within

0.1 dB between computed and measured band levels was shown in

Reference I for a number of different actual measured aircraft

spectra.

A simplified flowchart of the overall computational method for the second

version (W) is shown on the next page in Figure 8. The first version is identicai

except that the iterative loop (from Step 5 through Step 6 back to Step 3) is

eliminated and the receiver spectrum levels, estimated without iteration in Step 3,

ore used in Step 4 to compute band levels at the receiver, and in Steps 7 to 9 to

compute source band levels. This simplified version of the flowchart is also

applicable to the Dytec method for estimating source levels. The only significant

difrerences lie in the methods employed in Steps 2 and 3 to estimate receiver

spectrum levels. For the Wyle method, as illustrated in Figure 9, the spectrum

level over the nominal bandwidth of each filter band is described by an inter-

polation equation which allows for a continuously varying spectrum level.

3-5



.11.
Of -

-S-

. 5 1zC

C EC

0 4

CL-4-_c1) 0

70*

-Z-

Ln o

3-6

Libimi~~~U~M40 c--... . :



Id
(f 2=f)

(~f) i-_1___d2

Spectrum
Level,

dB
Integrat ion Segment

i1
f. f. f.i

Frequency (Log Scale)

Figure 9. Illustration of Continuously Varying Spectrum Interpolation Function
L (f) used for the Wyle Spectrum Estimation Method and One of the
S& 1/18th Octave Segments into Which Each Nominal Band is Divided
for Integration of Band Power

This interpolation equation for the spectrum level Ls(f) at any frequency within the

ith nominal (ideal) bandwidth is defined by
(a. + bi(f/fi))

Ls(f) = Ls(f i) +I0 log (f/f) ' 0 (9)

The interpolation constants ai and bi are defined in terms of the two (instead of

one) differences (dI and d2 ) in spectrum levels on each side of the ith filter band as

identified in Figure 9. These relationships are derived in Appendix A and, for one-

third octave band filters, they reduce to

ai  = (r2 d I - d 2 ) / (r
2- ) (10)

and b = r (d 2 - dI) / (r2 - )

where r = 101/10, the frequency ratio between one-third octave bond

filters.

Comparison of these two equations with Eqs.(7) and (8) for the Dytec

method emphasizes both the similarity in, and difference between, the two

spectrum interpolation methods. The initial estimates of spectrum levels at the

band center frequencies Ls(fi), required to employ Eqs.(9) and 10 above, are

provided by the same "white noise" band level model defined earlier for the Dytec

model by Eq.(6).
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The bond integration method employed in the Wyle procedures differs from
the more conventional numerical integration method employed in the Dytec

procedure. Details are contained in Appendix B of Reference I (and in
Reference 8). This integration method defines the band power according to the
basic integration called for by Eq.( 1) cited earlier. The essential features of the
process, described more fully in Appendix A, may be summarized as follows:

" Each nominal filter bandwidth is divided into six constant percentage

segments 1/18th octave wide. One such segment is illustrated in

Figure 9. (This contrasts with the use of 10 to 30 constant bandwidth
integration segments used in the Dytec method.)

" The spectrum interpolation function given by Eq.(9) is used to define

the spectrum levels at the lower and upper band edge frequencies of
these integration segments. The spectrum level between these two

closely-spaced frequencies is assumed to vary linearly with a con-
stant slope, just as for the Dytec method. Thus, between each band

center frequency, six straight line segments, approximating the
continuous spectrum function defined by Eq.(9) are used instead of
just one straight line segment as in the Dytec method.

o The total power passed by each filter is then determined by summing
the power in the elemental segments, using the closed form

algorithms described in Appendix A, over whatever total bandwidth is
desired - the effective transmission bandwidth of a real f ilter, or the

nominal bandwidth of on ideal filter.

" The spectrum levels employed in this process are the values esti-
mated from the initial spectrum iteration procedure indicated earlier

and modified, where appropriate, by any attenuation due to propa-
gation or by filter transmission losses. Note that atmospheric

absorption values are defined at six frequencies in each band, instead
of one, as for the SAE method, and 10 to 30 frequencies for the

Dytec method.

The principal advantage of either of the Wyle methods is the potential for
better accuracy in estimating measured band levels, and thus more accurately
accounting for filter effects. This is especially true for the iteration method which
was shown in Reference I to be capable of generating an apparent measured
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spectrum level which integrates to match the band levels measured with a real
filter. As demonstrated in Reference 1, this match, after usually two and no more

than six iterations, was shown to be within less than 0.1 dB for any bond for a
variety of actual aircraft spectra. It is important to note that without some form

of iteration, one cannot accurately assess the filter error at receiver positions due

to transmission outside the nominal filter bandwidth.

The principal disadvantage is the seemingly mathematical complexity.
However, as pointed out in the next section, this is not as serious as one might
think. Thus, from the standpoint of computational efficiency, the procedure may
be comparable to the method of Reference 2 which employs a much simpler, and

less accurate, spectrum interpolation algorithm but a very precise and convent ional
numerical integration routine to compute band levels.

3.4 Relative Accuracy of Band Integration Procedures

This aspect of the integration process employed in the Wyle method needs

to be clarified. What is its accuracy relative to the more precise numerical

integration process utilized in the Dytec method?

This was evaluated by comparing the result of integrating over a 1/18th

octave segment exactly using a standard numerical integration routine with 100
intervals within the 1/18th octave bandwidth and the closed form trapezoidal

approximation defined by Eq.(12) in Appendix A. The input spectrum was assumed

to have the type of rapidly decreasing spectrum roll-off due to atmospheric
absorption indicated earlier in Figure 6 in Section 2. An extreme case is selected

corresponding to a frequency between 8,000 to 10,000 Hz, a distance of

2,000 meters and high absorption weather conditions of 1 50C, 35% relative
humidity. Figure 6b shows that for this case, the slope of the receiver spectrum at

such a distance, due solely to air absorption, would be of the order of -400 d8 per
octave and decreasing (becoming more negative) by over 100% per octave.

Applying the spectrum iteration algorithm defined by Eq.(9) to such a case shows

that the trapezoidal closed-form approximation for the elemental band power

differed by less than 0.1 dB from the exact numerical integration value for the
integral. For more realistic values of the spectrum slope, the difference was much

less thus validating this procedure as an accurate substitute for the usual numerical

integration procedure which involved 10 to 30 segments per band.
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While seemingly complex, the Wyle integration process required only a few
lines of computer code to define the power for each elemental segment given the
spectrum interpolation factors a . and b.i for each i th bond. Defining the latter for
each iteration of the spectrum required only slightly more computations for each
filter band than for the Dytec method. However, due to the repeated iteration
process involved in the Wyle method, the net computation time for the Dytec and
Wyle methods is expected to be comparable. The relative computational speed for
comparable batch-processing versions of the Dytec and Wyle filter effects
computer programs remains to be demonstrated.

3.5 Other Filter Effects Correction Methods

Before considering application of the preceding methods, brief mention

should be made of other published methods.

Mantegani 12has published a report which contains a detailed description of
a method for accounting for filter effects in the analysis of wide band data subject
to atmospheric propagation losses. The method employs the same spectrum level
interpolation scheme as in the Dytec method and uses a trapezoidal integration
routine over seven 01/21 st octave) constant percentage segments within each one-
third octave band to determine band levels. While programmed f or ideal filters,
the method is obviously adaptable to include filter errors for real filters for a

known input spectrum.

Engineering 3ciences Data Unit (ESDU) I I has also published a procedure
for accounting for filter effects in analysis of wide-band aircraft noise data for

atmospheric absorption. (The report also outlines procedures, as does Reference 2,
for considering attenuation through a layered, non-uniform atmosphere.)

The spectrum levels are again estimated in a similar manner as in the
Dytec method except that the spectrum level slope is assumed constant over one
full band. This is equivalent to shifting the spectrum level line approximations to
the continuous spectrum by one-half bandwidth relative to the convention used by
the Dytec method. However, this should not be a significant variation. The change
in spectrum slope over a filter band due to atmospheric attenuation is predicted

directly in terms of the change in atmospheric absorption loss over the frequency
limits of the bond. A conventional Simpson's rule integration procedure is used
over the entire one-third octave band with an integration accuracy claimed of +1%
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for spectra shaped by atmospheric absorption over a distance of 100 m. Larger
errors would be expected at greater distances for this integration with only one

integration segment per band.

The method assumes ideal filters and thus does not account for filter skirt
errors. However, the authors claim that the filter error ( F in our terminology),

due to finite filter skirts, would not exceed 10% for a source spectrumn slope of

- 15 dB/one-third octave band and an additional atmospheric attenuation of
50 dB. I

Finally, it should be pointed out that the computerized method reported in
Reference 9 for analysis of the attenuation of bands of noise was essentially
identical to the first Wyle method, (without iteration) although one of the authors

(Bass) later reported successful application of a spectrum iteration routine similar
to that of the second Wyle method. 19
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4. APPLICATION OF FILTER EFFECTS CORRECTION PROCEDURES

The ability of the procedures described in the proceeding section to
account for filter effects errors in aircraft noise analysis is evaluated with three
types of examples: I) evaluation of band levels for an idealized known source
spectrum, 2) evaluation of band levels for "unknown" receiver spectra including
actual (measured) aircraft noise data, and 3) evaluation of overall frequency-
weighted aircraft noise levels (i.e., PNL or EPNL) for such aircraft spectra.

4.1 Known Source Spectrum
The spectrum shown in Figure 10 was used to evaluate filter effects for the

case of a known source spectrum. This source spectrum slope was chosen to
approximate what is considered a reasonable bound on the minimum (most rapid
fall-off) spectrum slope very near a typical jet noise source, in the absence of
strong tonal components. The spectrum slope matches one of the cases considered
in bath Reference I and 2. For this source band level slope, filter effects (i.e.,
slope and filter errors) are negligible as indicated in Section 2 so that one can
assume that the true source band levels are measurable exactly with standard filter
sets. For this source spectrum, we will evaluate filter effects errors and means af
correcting for them when:

a Estimating the attenuation in band levels, due only to atmospheric
absorption that would be measured at a receiver 600 m away on a
high absorption day (150C, 35% relative humidity) using an ideal
(A LBO) or real (a LB) filter. The weather condition was selected to
represent on approximate upper bound condition for atmospheric
absorption under weather conditions within the FAR Part 36 weather

window.3 The weather condition used in Reference 2 to represent a
maximum absorption condition (250 C and 10% relative humidity) is
not uncommon for experimental aircraft measurements in hot, dry
climates but it falls outside the FAR Part 36 weather window and
was therefore not considered further in this review.

o Estimating the adjustment to these receiver bond levels if they were
measured on a standard day (250. 70% RH) at the same distance with

ideal or real filters.
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Figure 10. Idealized One-Third Octave Bond Level for Case of Known Source
Spectrum.

These "exact" values of band level attenuation and band level adjustment

are computed by the second Wyle bond integration method (with spectrum

iteration) assuming an ideal filter. However, in this case, spectrum iteration is not

really necessary at the source where the spectrum is known and any one of the
methods, which employ band integration for a known spectrum, (i.e., the Dytec or
either of the Wyle methods) would give nearly the same result. As a matter of
interest, however, the iteration technique provided a computed version of the

source spectrum which agreed, essentiaily exactly, with the values specified in
Figure 10. Only the first band at 1,000 Hz differed from the specified value, but

by only 0.02 dB, due to the discontinuity in the band spectrum slope at 1,250 Hz.

Thus, this exact computation of the atmospheric attenuation at a distant

receiver provides a convenient reference base for evaluation of how well the
various approximate methods correct for filter effects when analyzing an
"unknown" spectrum. The "unknown" spectrum will be represented, then, by the

levels at a receiver, 600 m away from this known source, on the assumed test day
conditions as they would have been measured with a real filter.

4-2



The atmospheric absorption losses in this receiver spect4rn are computed

at all frequencies with the use of the new ANSI SI.26 Standard. 4 This method for

computing absorption losses was chosen as a matter of convenience instead of the

currently accepted industry standard (SAE ARP 866A)1 for applicationi to aircraft

noise analysis. However, the comparison between methods to account for filter

effects will not be materially changed since the two models for predicting air

absorption are fairly comparable at the same single frequency in the high

frequency region where filter effects are dominant.

4.1.1 True Values for Band Level Attenuation

We start with the known source spectrum shown in Figure 10 and apply the

integration techniques outlined in Section 3.3 to define the attenuation in band

levels for this spectrulm as would be measured at 600 m on a 150C, 35% relative

humidity day. For ideal filters, the integration process is straightforward since it

involves integration only over the nominal, zero-loss passband of the ideal filter.

For the real filter, the mathematical model corresponding to the frequency

response of real filters is included in the integral and the integration is now carried

out over a wider frequency range to include the filter skirts. Figure 11, from

Reference 2, illustrates how well this mathematical filter model, reported origi-

nally in Reference 14 and repeated in both References I and 2, describes the actual

transmission loss of real filters, especially over the most critical portion of their

filter skirts near the band edges.

The results of these computations are shown in Figure l2a in terms of the

absolute band levels, L BI and L B9 at the receiver and in Figure 1 2b in terms of the

band level attenuations, A LBI and A L BI that would hove been measured at this

600 m receiver position with ideal and real filters, respectively. The values for an

ideal filter may be considered the accurate measure of the difference in the true

one-third octave band levels between the source and receiver. However, the values

predicted for a real filter represent what would have been actually measured with

current state-of-the-art of spectrum analysis equipment. Clearly, above 5,000 Hz,

the latter diverge increasingly from the true values of band level attenuation. This

is, of course, the result of significant power transmission through the filter skirts

outside the ideal passband. A comparison of the slopes for the "test day" spectra in

Figure 12 and the slopes of the filter response curves in Figure I I clearly indicates

that the latter are not sufficiently high to reject energy outside the nominal filter

possband for such high spectrum slopes (of the order of 50 dB/octave).
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4.1.2 True Values far Bond Level Adjustment

Figure 13 shows the same type of information as in Figure 12 for

propagation over 600 mn but for a standard day with weather conditions of 25 C and

70% relative humidity. The difference between the comparable curves in Figures

1 2 and 13 define the desired values for the band level adjustments from test day to

standard day weather.

Thus, the data in Figures 12 and 13 provide reference (exact) values of

band level attenuation and band level adjustment for one evaluation of how well

one can correct for filter effects when measuring an unknown spectrum at a

receiver.

4.2 Unknown "Measured" Spectrum at a Receiver Computed from Known
Source Spectra

The levels computed for "measurement" with a real filter at 600 mn on the

assumed test day (i.e., weather of 15 0 C and 35% relative humidity) now become

the new input levels to be evaluated with each of the correction methods described

in Section 3.

To emphasize the relative accuracy of these correction methods, it is

convenient to present the values of band level attenuation (A LB ) and band level

adjustment A A. predicted for these "measured" levels relative to the true values
derived from Figures 1 2 and 13 where the source (and hence receiver) spectra were

accurately known. For reference, the true absolute value of these quantities is

also shown.

Thus, Figure 14 shows, on the left, the same band level attenuation values

as in Figure 1 2b (for the same conditions - 600 mn and test day weather) but now

interpreted as the true band level attenuations going back from the receiver to the

source. Obviously, the true attenuation values do not change with direction of

propagation.

The right half of Figure 14 shows the difference between this true value

and the various estimated band level attenuation values according to the following

convention:
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O Symbol designates the difference, A LB - A LB(S) , between the true

band level attenuation A LB and the value A LB(S) predicted by
applying the SAE prediction method. This quantity corresponds to
the correction that could be applied to a predicted band level

attenuation, using the SAE procedure, to obtain the true value.

/t Symbol designates the difference, A LB - A LB(D) , between the
true and predicted value from the Dytec method. Similarly,

V Symbol designates the difference, &LB - AL(WI) , for the
Wyle # I method (without spectrum iteration), and

o3 Symbol designates the difference, AL. - ALB(W2) , for the

Wyle #2 method (with spectrum iteration).

This same type of comparison is made in Figure 15 between the two values

of the band level adjustment for a real filter AAB (Figure 12b values for a real
filter on a test day minus corresponding values in Figure 13b for a real filter on a
standard day) and the predicted values using the various correction methods.

Again, the left part of Figure 15 shows the true value of a AB and the right

part shows the difference between this true reference value and the predicted
values using the some notation as for Figure 14.

Finally, as suggested earlier, it may be desirable to consider correcting
data measured on a test day with a real filter, to values that would have been
measured on a standard day with an ideal filter. The corresponding band level

adjustment is designated as a ABRI. Figure 16 presents the comparison of the true
and predicted values for this adjustment factor. Again, the some method of
presentation and labeling convention is employed. In this case, however, a
predicted value for the SAE method is not shown since this method was not
designed to be applicable to ideal filters in the evaluation of attenuation of bands
of noise. 15

The comparisons In Figures 13 through 16 exhibit the following trends:

o All four of the methods considered for evaluating filter effects show
significant errors (>1 to 2 dB) at high frequencies when predicting
band level attenuations and bond level adjustments. As suggested
earlier, this behavior is expected on the basis of the high slopes for

the input spectra.
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o The rapid variations in accuracy of the SAE method may be due to

the discontinuity in the effective frequency above 4,000 Hz which is

inh~erent in this method for evaluating attenuation of bands of noise.

o The Wyle No. 2 (iteration) method generally exhibits the best

accuracy but even this method fails at frequencies above 5,000 Hz

when the initial spectrum slope equals or exceeds the filter skirt

slope.

4.3 Unknown Spectrum From Measured Aircraft Noise Data

Consider, now, another version of the case of an unknown spectrum - a

more representative case - based on evaluation of actual measured aircraft noise

data. Two such examples, drawn from data utilized in Reference 1, are considered.

* Takeoff noise of the time of PNLTM for a three engine narrow body

turbofan aircraft (Data File 35 T/0)

o Takeoff noise at the time of PNLTM for a four engine narrow body

turbofan aircraft (Data File 88 T/0)

For these measured levels, the signal-to-noise ratio was never less than

5 dB in any band and was more than 20 dB in all but the highest frequency bands so

that the data can be considered to be free of any significant influence from noise.

What residual influence remained was essentially eliminated by applying the

background noise correction procedures of Reference 20. The data were measured

at propagation distances close to 300 m and for weather conditions close to a
standard day. Therefore, for convenience, the data were adjusted slightly to a

reference propagation distance of 300 mn and standard day weather. This

adjustment amounted to +0.6 dB at 4,000 Hz for the first data file (35 T/0) aInd
+ 1.8 dB at 4,000 Hz for the second data file (88 T/0).

The resulting standardized one-third octave band levels for these two

examples are shown in Figure 17 by the open symbols. Note that the high
frequency roll-off rates for these spectra are less than -20 dB/octave. According

to Section 2, with such relatively low spectrum slopes, it should be possible to

obtain very good estimates of the apparent true spectru!-n for these measured
levels without any significant influence of filter errors. The spectrum iteration

method was therefore applied to these data to provide what one can assume is
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closely equivalent to known spectra, comparable to the example illustrated earlier

in Figure 12. To provide the test cases comparable to that employed earlier for

Figures 14 through 16, these standardized spectra were adjusted to the more severe

test day conditions of 150C and 35% relative humidity to produce the hypothetical

values, "1measured" with a real filter, that are identified in Figure 17 by the closed
symbols. Although this adjustment in the levels was computed with the Wyle #12

(spectrum iteratian) method, essentially equivalent results for these hypothetical

test day levels would have been obtained with the use of the Dytec method. That

is, either method can estimate the initial spectrum levels (with roughly comparable

accuracy) for the standardized spectra of Figure 17. These source spectrum levels

could then be accurately adjusted to test day conditions and integrated to

represent levels "measured" with real f ilters on the test day. Thus, with these

hypothetical "measured" levels as inputs to the various methods for considering

filter effects, the three basic factors considered were, againr

0 Band level attenuation A L B for real filters at a new receiver

position, 300 m further away (corresponding to a total propagation

distance from the original source of 600 in);

0 Band level adjustment A~ A B from test day levels at this new position
back to the original standard day values, with real filters; and

0 Band level adjustment A A BRI for correction of these measured

levels back to the standard day as they would be measured with ideal

f ilIters.

Comparisons are again shown between the true values for these factors

derived from Figure 1 7 and the predicted values using each of the filter effects

correction methods under consideration.

The results are shown in Figures 18 through 20 employing the same
convention as before. Figure ISB presents comparisons of true and predicted values

of bond level attenuations, Figure 19 compares values for band level adjust-

ments, A A B with real filters and Figure 20 compares, for a few cases, bond level

adjustments A A BRl far an ideal filter assumed for the standard day.

Althouh the results in Figures 18 through 20 are, in some respects, similar

to those in Figures 14 - 16, there are some important differences.
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0 The errors in the various correction procedures do not always

consistently increase markedly at the high frequencies us was noted

earlier in Figures 14 through 16.

o Only for the SAE method is there a consistent increase at high

frequencies in the difference between predicted and true band level

attenuations or band level adjustments. Thus, any of the band

integration (Dytec or Wyle) methods appear to offer significantly

greater accuracy than the SAE method for correcting for filter

effects for these samples of real aircraft data.

0 Furthermore, the spectral iteration (Wyle #2) method, unlike any of

the other methods, seems to consistently exhibit very high accuracy

in predicting the correct band attenuation or adjustment factors.

This is attributed entirely to the method's ability, unique among the

methods considered here, to more accurately estimate the initial

spectrum levels.

0 The very different behavior in the filter effects prediction methods

for these real aircraft data, aS compared to the idealized case

analyzed in Figures 14 through 16, indicate that development of any

empirical rules for evaluating filter effects should, to the extent

possible, be based on evaluation with real aircraft data.

o Finally, it is desirable to see if the data presented in Figures 18

through 20 (and earlier in Figures 14 through 16) support the

empirical criteria cited in Reference I for the occurrence of signif-

icant errors (> 0.5 dB) due to filter effects. The correct version of

this criteria, which was incorrectly printed in Reference 1, is that

the product of the propagation distance, in kin, and the square of

frequency, in kHz, should not exceed 6 km . (klz) 2. Examining the

examples presented here suggests that this criteria may be somewhat

optimistic, i.e., perhaps the constant "16" needs to be reduced.

However, additional aircraft noise data should be evaluated for filter

effects before any rigid quantitative guideline or requirement involv-

ing regulatory or mandatory administrative action by the FAA can be

adopted.
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It is clear by now that errors in bond levels due to filter effects can be

quite significant under certain conditions and that methods to account for those

errors differ substantially in their accuracy. Consider, finally, filter effects for

overall aircraft noise levels, both with and without time integration.

4.4 Filter Effects On Overall Aircraft Noise Levels

4.4.1 Effects on Momentary Noise Metrics

As evident from the preceding review, filter effect errors can be large at
high frequencies. However, in such cases, the resulting absolute levels are low so

that such bond level errors due to filter effects contribute little to errors in overall

sound pressure levels. The latter tend to be dominated by lower frequency band

levels far which filter effects are much smaller.

Representative results from the two studies" 12 far relative filter effects

errors in perceived noise levels (PNL), maximum tone-corrected perceived noise
levels (PNLTM), or maximum A-weighted noise levels (AL) are summarized as

follows. True reference values for these overall levels were not available so that it

was only possible to compare, against each other, the values predicted by alternate

correction methods.

From Reference 1, PNL values (measured at close to 300 m at the time of

PNLTM and adjusted to a standard day and a distance of 300 m) were evaluated for

four cases using both the Wyle #2 method (with spectrum iteration) and the SAE
method. The difference between the resulting values of PNL are listed in Table I
far the reference distance of 300 m and for two greater propagation distances.

Clearly, the difference in PNL values using the two band attenuation prediction

methods is slight. Based on the preceding results, it is reasonable to consider the

PNL values from the Wyle #2 method as close to representing true values (ignoring

any other sources of measurement errors, such as background noise).
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Table I

Differences in PNL Values Due to Different Procedures to Account for
Filter Effects (Derived from Data in Table 4 of Reference I for

One-Third Octave Band Spectra at PNLTM, adjusted to standard day conditions)

PNL (SAE) - PNL (Wyle #2), dB( I)

Data File Distance, m

300 600 900

35 T/O (727) 0 0.07 0.03

47 App (707) -0.01 0.08 -

88 T/O (707) 0.01 0.09 0.08

90 T/O (DC-10) 0.05 0.25 0.22

(I) Differences between PNL values computed with the simulated

SAE method and with the Wyle #2 method (with spectrum
iteration) (data from Reference I).

Thus, according to the few cases considered in Table I, the SAE procedure

for evaluating atmospheric attenuation of bands of noise seems to give very nearly
the same values (within less than 0.3 dB) as the more accurate, and presumably
true results, using the Wyle method. This conclusion is strongly reinforced by data

from Reference 2. In Table 8 of this reference, overall momentary noise metrics
for six different measured aircraft spectra were evaluated with the equivalent of
the Dytec and SAE methods as defined herein. (The ANSI S1.26 procedure was

actually employed in both cases, thus eliminating any secondary influences on filter
effects due to differences in atmospheric absorption algorithms.)

The noise metrics evaluated were PNL, PNLTM, and AL. For five of the
six spectra evaluated, there was no difference whatsoever in the noise metrics

evaluated with the Dytec and SAE methods. For the sixth case, the maximum
difference was only 0.1 dB - the same order of magnitude as the small differences
indicated in Table I.
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4.4.2 Filter Effects for Time Integrated Noise Levels

For time integrated aircraft noise levels, the influence of background

noise on the sound pressure levels measured throughout the effective (i.e.,

10 dB downtime) duration of an aircraft flyby are more significant than for the

momentary noise metrics at the time of PNLTM. This is especially true for

high frequency bands near the beginning and end of this time integration

period.

A detailed consideration of this subject is not appropriate for this

summary report on filter effects. The reader is again referred to the parent

documents (References I and 2) for more detailed considerations of the

manner in which spectral time histories were corrected for ambient noise

levels before applying alternative filter effects correction methods.

The point is that it is difficult to separate out, entirely, the possible

influence of filter effects on time integrated aircraft noise levels from effects

of background noise. Nevertheless, according to the data available in

References I and 2, filter effects by themselves do not appear to strongly
influence time integrated noise metrics. Reference I compares values of

Effective Perceived Noise Level (EPNL), for two aircraft noise time histories,

using three of the four different methods for evaluating filter effects

considered here - the SAE method, the Wyle #I (without spectrum iteration),

and the Wyle #2 (with iteration) methods. The results are summarized in

Table 2 in terms of the EPNL values for each of the first two methods relative
to the last (Wyle /2) method.

Table 2

Differences in EPNL Values Due to Different Procedures to Account for
Filter Effects (Derived from Data in Table 5 of Reference I).

Data for "As Measured" Values at Distances Close to 300 m and
Near Standard Day Conditions

EPNL (SAE) - EPNL (Wyle 2) EPNL (Wyle I) - EPNL (Wyle 2)

Data File dB

18 App (727) -0.01 +0.01

35 T/O (727) -0.65 -0.74
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The apparent errors due to filter effects, as evidenced by the difference in

EPNL values for two different band analysis methods is, again, small. However, in

one of the two cases considered (Data File 35 T/0), the difference is substantially

greater (about -0.7 dB) than indicated in Table I for corresponding differences in

values of PNL.

Reference 2 reported EPNL and Sound Exposure Level (SEL) values for the

same six aircraft spectra mentioned earlier in the preceding section. Again, for

five of the six spectra considered, there was no difference, to within an accuracy

of less than 0.1 dB, between EPNL values computed with the Dytec and the

equivalent of the SAE methods, as defined herein. For a sixth case, the difference

in EPNL values was only 0. 1 dB.

Thus, the two studies both indicate filter effects should introduce small

errors (less than I dB) in EPNL values. The results from Reference 2 consistently

indicate nearly negligible filter effects on EPNL for six cases. While this may be

more representative of the true situation than the slightly different results for the

two cases from Reference I summarized in Table 2, it is not possible to completely

discount the potential significance of filter effects on EPNL values. The Dytec

and SAE methods employed in Reference 2 for evaluating filter effects are shown

to be less accurate than the spectral iteration method in Reference 1. Thus,

conclusions based on application of the former methods may be overly optimistic.
Further data evaluation is called for with different, independently verifiable,

techniques to define initial measured spectra.

4.5 Methods of Accounting f or Filter Effects in the Presence of Strong Tone
Components

A final issue briefly considered in this summary report concerns methods
for properly evaluating filter effects for aircraft spectra which contain strong tone

components.

For the most part, References I and 2 did not really address this issue with

any distinctly separate procedures. However, two possibilities are suggested by the
methods outlined in these reports:

o Use the spectrum iteration method to approximate the presence of a
spectral spike or tone. One such example is, in fact, illustrated

graphically in Reference 1. However, it remains to be validated by
an independent, more conventional, process.

4-24



o Use some form of spectral smoothing in the initial data processing of

the aircraft spectra. Tonal components could be identified and
subtracted out, on an energy basis, from the total spectrum employ-

ing algorithms not unlike those currently used to identify tone
penalties. Then each resulting portion - a smoothed broadband
spectrum - and the tonal components, presumed to exist at the
center frequency of the bands in which they f all, would be processed

separately. The broadband portion could be analyzed with one of the
types of band integration methods outlined here to minimize filter
effects for this port of the spectrum. The "tone" components would

also be processed (i.e., adjusted to standard conditions) by using
simple atmospheric absorption algorithms for the presumed single
frequency of the "tone." The resulting two components could then be
recombined, on an energy basis, after adjustments to standard
conditions.

A definitive evaluation of the need for, and if called for, the relative
effectiveness and efficiency of, such procedures remains to be carried out.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This summary of two detailed studiesl,2 of potential errors in the

evaluation of aircraft noise spectra due to finite energy passed by filter skirts has

demonstrated the following:

5.1.1 Very substantial errors can occur in the spectrum analysis of aircraft

spectrum under conditions where spectral shaping by atmospheric absorption

results in steep spectrum slopes in the measured data which are comparable to

slopes of filter skirts employed in the spectrum analysis.

5.1.2 These errors can be represented by two components -

" a true filter error equal to the difference between the power

transmitted by a real filter and by an ideal filter;

" a spectrum slope "error" which is only significant when one attempts

to analyze band attenuation ait a single characteristic frequency in

each band.

5.1.3 Methods to account for these errors vary from a simple empirical pro-

cedure involving selection of a suitable single frequency for computing band
attenuations (SAE ARP 866A method) to the different forms of band integration

outlined in Reference I and 2, which can accurately simulate the power transmis-

sion of a real filter if the input spectrum is known.

5.1.4 Oioe unique way to effectively define an unknown, sharply sloping

spectrum, is the spectrum iteration method of Reference 1. From examples

involving actual measured aircraft data, this method is shown to be capable of

more accurately predicting the true value of band level attenuation and band level

adjustments than the other methods which do not employ any iterative correction

of the initially estimated spectrum. However, when spectral shaping, caused

primarily by atmospheric absorption, results in spectral slopes which for exceed the

rejection rate of f ilter skirts, even this iterative process can be limited in its

ability to recover the true input spectrum.

5.1.5 Filter errors are particularly significant when it is necessary to correct

aircraft levels measured under high absorption loss test-day weather conditions to

standard day weather by the use of band level adjustments. In this case, the
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different bond integration techniques, especially the one employing a spectral
iteration technique, prove to be much more accurate than the SAE procedure for
accurately defining these bond level adjustments.

5.1.6 It was shown in Reference I that, as a rough rule of thumb, filter errors
become significant, calling for more accurate correction procedures than provided
by the SAE method, when the following criteria are exceeded:

Propagation Distanice (in kin) x (Frequency, in kd-z)2 > 6

Propagation Distance >6 km at any audio frequency

Some of the limited examples presented in this review suggest that this criteria
may not be strict enough - that is, the factor 6 may be too large.

5.1.7 Under conditions for which filter effects introduce large errors in
measured (or adjusted) band levels, overall noise levels, such as PNL or EPNL, are
unlikely to be affected by more than 1.0 dB and most likely much less than that.
However, further evaluation of real aircraft data using more accurate techniques
far assessing filter effects, including, among others, the spectrum iteration
technique summarized herein, is needed before filter effect errors in EPNL values
can be accurately defined.

5.2 Recommendations

Based on the preceding observations, the following recommendations are
made:

5.2.1 A simple criteria, such as outlined in paragraph 5.1.6, should be developed
or confirmed for incorporation in administrative rules for identifying when filter
effects may be introducing substantial errors in aircraft noise certification data.

5.2.2 However, before restrictive procedures could be adopted in FAA regulo-
tioms, a wider range of real aircraft spectral data should be evaluated with
techniques designed to permit accurate assessment of the true measured spectrum
and corresponding f ilter errors in normal spectrum analysis procedures. This should
include, but not be limited to, the spectrum interatlon technique described herein.

5.2.3 Such evaluations should be designed to generate simple quantitative rules
or algorithms for correcting EPNL values for filter effects. The -spectrum
iteration technique may be one such technique, but requires more complete and/or
quantitatively Independent validation before it can be adopted as a standard data
analysis procedure.

5-2
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APPENDIX A

Bond Level Integration Method Employed in Wyle Method

The following method is used to compute and interpolate spectrum levels

between values at the center of each of N bands analyzed. These spectrum levels,

estimated from the measured band levels, are then used to compute these same

band levels and the spectrum levels adjusted by an iterative process until the

measured and computed band levels agree. This process requires knowledge of the

spectrum level in the bands outside the nominal passband of each filter to account

for energy passed by the finite filter skirts. Integration is normally carried out

over +3 bands on either side of the ith band. This is equivalent to treating the

effective transmission bandwidth ais extending one octave above and below the

upper and lower filter band edge frequencies, respectively. Special procedures are

used to handle the case of the end bands G=: I or N) where there are not any

identified band levels below the lowest band or above the highest band to use for

interpolation. Once satisfactory estimates of "measured" spectrum levels are

available, they can be translated to different ranges or to different weather

conditions by accounting for changes in the absorption losses at all frequencies.
The revised spectrum levels are then integrated again with the analytical model f or

either a real or ideal filter, as des ted. The following paragraphs outline the

ona'ytical basis for a computer program summarized at the end of this appendix

which allows such operations to be carried out interactively on a minicomputer

terminal.

A.lI Initial Estimate of Spectrum Levels

N band levels are read into the computer program. By simple linear

extrapolation of the initial and final slopes of the band spectrum, two additional

band levels are estimated; one band below the lowest LB(l) band level measured

and one above the highest band level L B(N) measured. The first estimate of

spectrum levels L s(f), is given simply by the equation for the case of a white noise,

or constant, spectrum level:

Ls (fd B(i) 0lo

where

Af Nominal filter bandwidth (log to the base In, is assumed

throughout this report except when otherwise noted).
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A.2 Development of Refined Estimates of the Input Spectrum Levels

Referring to the sketch below, the differences d I and d2 between the

spectrum levels on each side of the ith band are computed. For each ith bond, the

two difference terms are then used to define an interpolation equation on the basis

of the following model.

L (fi

Spectrum L (F. S 1+1
Level slf

Over a frequency range + one bandwidth either side of the ith band center

frequency fi, the spectrum level is assumed to be defined by:

a. + b.(f/f.)
Ls(f) = Ls(f i) + 10 log (f/f) j (2)

where

Ls(f i) = the spectrum level at f V

This interpolation equation simply lets the slope (ai + bi(f/fi)) of the spectrum level

curve vary linearly with the frequency ratio (f/fi).

Thus, the constants ai and bi in Eq.(2) are derived by first using Eq.(2) to

compute the spectrum levels at the center frequencies f1_1 and fi+l. The latter

are equal to fi /r and fi. r, respectively, where r is the ratio of the center

frequencies between adjacent bands (=100.1 for one-third octave bands). The

difference terms dI and d2 , identified in the previous sketch, can then be expressed
with the use of Eq.(2) as

d = Ls(fi)-Ls(f 1_) 10 Cai+bi/r ] logr (3o)

d = Ls(fi+)-Ls(f i) =10[ai +b i • r] Iogr (3b)

A-2

r. ~d



Solving these two equations for ai and bi, one obtains

ai  (rd - d2)/ 10 (r2 -1) log r (4a)

bi  r (d2 -dI 10 (r2 - I) log r (4b)

These interpolation constants are now used to obtain a first order improve-
ment in the spectrum level Ls(f i) at the band center frequency. First, these

constants are used again with Eq.(2) to define the spectrum levels at the lower and

upper band edge frequencies of the ith bond (i.e., at the frequencies f i fi/rV and

fu = fir yk, respectively) (see sketch).

Constant Slope = a l

+L S('f° L s(f)

Spectrum Ls f iu
Level

Ldf r0 Constant Slope a i2
~dB

f fju f i+l

Frequency (log scale)

The interpolation constants (a,, bi, and aN, bN) for the first and last

measured bands (i= I and N) are used to extrapolate the spectrum levels for the

bonds added at each end of the spectrum (i=0 and N+I). However, for the N+I
band, the constant b for the rate of change of spectrum slope is not allowed to be
positive to prevent any turning up of the spectrum due to extrapolation from the
Nth band with Eq.(2).

This first order improvement in estimated spectrum levels still assumes an

ideal filter. It would be possible at this point to proceed directly to an integration

of the power transmitted by a real filter over its full response bandwidth, including

the filter skirts. However, this final refinement in the spectrum levels is reserved
until later to take advantage of the large increase in estimation accuracy provided

by the simpler procedure employed here which utilizes closed form solutions for
the integrated band power.
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Referring to the preceding sketch, the continuously varying spectrum level

over the nominal filter bandwidth is now approximated by just two straight line

segments, each with a constant slope, to define the spectrum level over only each

half of the ideal filter bandwidth. (This differs from the two-slope procedure of

Reference 2 which also defines the spectrum by two constant slope lines which, as

described in Section 3.2 of the main body of the text, extend over twice this

frequency range (i.e., between the band center frequencies instead of from only the

band edges to the band center frequency).)

The corresponding spectrum level over each of these straight line segments

is now defined by a simplified form of Eq.(2) obtained by setting b=0 to give

Ls(f) = Ls(f i) + 10 log (f/fi0aij (5)

where j = I or 2, and a and a,2 are the exponents which define the slopes of the

two straight line segments.

From Eq.(3), setting 10 log r = I for r = I0 0 "I , these two slope constants

can be defined by:

ail =i + bi/r

0 i2 ai + bi.r V (6)

Using each of these in Eq.(5), one at a time, and integrating over each half of the

nominal bandwidth (i.e., from fi ( to fi with the slope al and from fi to fif/ with

the slope ai2), an estimate is obtained of the total power passed by the nominal

ideal filter as

LBI= IOlog[Wl + W2 ], dB (7)

WI and W2 are the powers in each port of the ith band given by

W= 10 L fi(-1) -1 ( 0 /2 (oij+l) (8a)

and j = I or 2 for the two halves of the nominal filter bandwidth.
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For the case of a., = -I, the expression for Wj is

W = L( fi Ine Y2 (8b)

Reviewing Eqs.(7), (6), and (4), it is now clear that one can estimate the

total power passed by the ith ideal filter band LBI(i) in terms of just three

quantities, the spectral density L S(fi) at the center of the ith band and the

differences d I and d2 in the spectrum levels between the adjacent bonds. But this

process can obviously be reversed to solve not for the band levels (which are

already known), but for the spectrum levels.

The resulting expression for this refined estimate of the spectrum level

Ls(f i) at the center of the ith band is

where Ls(f i) = LB(i) - Olog(Af i -A S  
(9)

tA fi = the nominal bandwidth of the ideal filter, and

A = the spectrum slope error- the difference between the band

power assuming a white noise (constant) spectrum level over

the ideal filter bandwidth and the band power based on the

refined two-slope estimate described by Eq.(7).

Combining Eqs.(4), (6) and (7), it can be shown that AS, in this case, is

equal to

A S = 10 log [(01 + 02) r V(r-O] (10)

01 [ I-r (al+l)/ (ail+l) , ai 4-I

02 = r (i 2 +l) ai 2 4-I

01or0 2  Ine r y if oiaIorai2 =-I

and ai I and a12 can be determined with the use of Eq.(6) and Eq.(a).

Thus, Eqs.(9) and (10) provide a good first-order refinement to an estimate

of the spectrum level Ls(f i) at the center of each ith band.
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A second order refinement has also been found to be useful. This is carried

out simply by returning to Eq.(3) to define a new set of spectrum level difference

terms dI and d2 based on the first refinement in estimated spectrum levels. That

is, the combination of processes from Eq.(3) through Eq.(9) is repeated a second

time to define a new set of estimated spectrum levels over all bands based on

Eq.(2).

A.3 Iteration Process

For the second Wyle method (W2), a final refinement to the estimated

* spectrum levels is now carried out. The spectrum levels are integrated over the

effective response bandwidth of each filter to provide a computed value for the

measured band levels. This process now recognizes the potential transmission

outside the nominal filter possband. The computed and measured band levels at the

ith band are compared and the preceding estimates of the spectrum levels L (fi) at

the band center frequency adjusted as necessary by any resulting difference in the

computed and measured band levels. In other words, the new estimated spectrum

levels L (fi) at the band center frequency are defined by

L s(fi) = Ls(f i) - c [(LB(i) (computed) - LB(i) (measured)] (I I)

where

LS(f i) = the spectrum levels previously estimated according to

Section A.2, and

c a computational stability "damping" constant (a value of c from

0.8 to 1.6 has been found to be satisfactory).

The interpolation process defined in Section A.2 is then repeated with these new

spectrum levels at the band center frequencies and new estimates of the measured

band levels are obtained. The process is repeated until satisfactory agreement is

obtained between the measured and computed band levels. Subsequent iterations

after the first no longer assume an ideal filter unless specified in the input.

Satisfactory agreement in this case has been taken as no difference greater than

0.05 dB in any band. From one to six iterations were found to be necessary and

sufficient for a wide range of real aircraft spectra, as reported in Reference I.
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This final set of spectrum levels at the bond center frequencies and the
corresponding set of interpolation constants ai and b1 for each ith band provide the
basis for predicting the effect of changes in band levels with changes in
propagation distance and/or air absorption (i.e., different weather). The cor-
responding adjusted spectrum levels can then be integrated to predict new adjusted
band levels using either real or ideal filters as desired for the new conditions.
Filter effects are thus implicitly accounted for throughout the process to the
extent that the filter response approximations and spectrum interpolation functions
are accurate.

These final estimates of spectrum level are now used to carry out the basic
integration process for band levels. The details of this band integration process,
briefly summarized in Section 3.3 of the main body of this report, are defined more
thoroughly as follows:

0 Each nominal filter bandwidth is first divided into six constant

percentage segments I / I 8th octave wide.

0 The spectrum interpolation function given by Eq.(2) is used to define
the spectrum levels at the lower and upper band edge frequencies of
these integration segments. The spectrum level between these two
closely-spaced frequencies is assumed to vary linearly with a con-
stant slope.

0 The power 6 W contained within this trapezoidal element can be
defined in closed form by

6W = 10 s .f kL + -l I (al1) (12)

where
L s(f. is the spectrum level at the lower band edge frequency f.j of

this ith segment (within the ith filter band).

k 10 1/60, the frequency ratio of the segment's 1/18th octave-
wide frequency limits,

and a~ the constant spectrum slope derived from the difference d. in
J

spectrum level between these segment frequency limits. This
difference is derived, in turn, from the spectrum interpolation
Eq.(2), first for f f f. and then for f f f. . k.

A'-7



o The total power passed by each filter is then determined by summing

the power in the elemental segments over whatever total bandwidth

is desired- the effective transmission bandwidth of a real filter, or

the nominal bandwidth of an ideal filter.

o For real filters, the following special rules were required to provide

practical limits for the frequency range of integration:

- Only one band was included above each nominal band to

accurately account for energy passed by the filter skirts above

the upper nominal cutoff frequency for normal aircraft spectra.

- Normally the integration is carried out over three additional

bonds (i.e., one octave) below the lower nominal cutoff

frequency. (Band levels above 5,000 Hz were 2 to 13 dB lower

when only two bands were added below the lower band edge.) In

contrast, the Dytec method extends integration down to one-

tenth of the bond center frequency for real filters.

- For the lowest two measured bands (i= and 2), the integration

over the full filter response is necessarily truncated at the

bottom edge of the one additional band level (i=0) added to the

measured band level by slope extrapolation, at the beginning of

the spectrum iteration scheme.

- This process involves a series of logical selections of which set

of interpolation constants (oi, bi) to use for the integration of

spectrum levels for each band. The details of this complex

process are implicit in the computer program described at the

end of this appendix.

o The spectrum levels employed throughout the rest of the computa-

tions for one set of measured band levels are the values estimated

from this spectrum iteration procedure and modified, where appro-
priate, by any change due to different propagation conditions (i.e.,

weather or distance) or by filter transmission losses. The net result

is that filter effects are inherently accounted for in the data

processing.
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A.4 Computer Program

A simplified flowchart describing the principal computational steps in this

spectrum interpolation and iteration program is contained in Figure A-I. An

example input data listing, interactive input instructions and pertinent system

responses, and corresponding output tables computed by the program are provided

in Table A.I. The program is designed to allow convenient analytical evaluation of
filter effects using the second (iteration) version of the Wyle method and provides

tables of band levels in the following sequence, if requested.

I. Receiver Band Levels for test day weather conditions up to seven

distances plus an echo of the "measured" input band levels. If the

measurement distance is also included in the output as one of the

receiver distances, the computed values of these measured input

levels are also provided. The "measurement" filter may be selected

as real or ideal.

2. The same data but with receiver levels computed according to the

SAE procedure. (Simulated using ANSI SI.26 algorithms for absorp-

tion at each frequency.)

3. The same data as in 2. but for standard day conditions as requested.

4. The some data as in I. but for standard day conditions and, if desired,

a different model for the "measurement" filter.

A summary of other pertinent input data is also listed at the bottom of

each table as appropriate.

Clearly, many variations of this type of program are possible. However,

this program has proven to be a robust and useful procedure able to provide insight

into filter effects in the analysis of aircraft noise levels. While the interactive

program described here was designed for experimental rather than production
evaluation of filter effects, a streamlined production program version has also been

developed for analysis of full aircraft spectra.
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